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A new thermodynamic model for calculat-
ing the dissociation constants of complexes
formed between the aryl hydrocarbon
receptor (AhR) and polychlorinated bi-
phenyls (PCBs) is reported. The free ener-
gies of binding of PCBs to AhR are con-
trolled by their lipophilicities, electron
affinities, and entropies. The correspond-
ing physicochemical properties of polychlo-
rinated dibenzo-p-dioxins and dibenzofu-
rans also control their interactions with
AhR. We present evidence supporting the
hypothesis that the majority of PCBs are
likely to interact with AhR in their nonpla-
nar conformations. In addition, we dem-
onstrate that the affinities of PCBs for AhR
relative to 2,3,7,8-tetrachlorodibenzo-p-
dioxin correlate with corresponding toxic
equivalency factors in animals. The report-
ed methodology is likely to be applicable to
other polyhalogenated and mixed polyhalo-
genated bi- and terphenyls and related
xenobiotics; thus, it could minimize the
number of in vivo studies in laboratory ani-
mals and facilitate the identification of
potentially hazardous aromatic xenobiotics.
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Polyhalogenated aromatic xenobiotics,
such as polychlorinated dibenzo-p-dioxins
(PCDD:s), dibenzofurans (PCDFs), and
biphenyls (PCBs), are industrial chemicals
that elicit a broad spectrum of biologic
and toxic responses in animals (I-10). It
is well established that a key step in the
biological and toxicological responses of
these classes of xenobiotics in animals is
mediated through binding to a common
cytosolic protein called the aryl hydrocar-
bon receptor (AhR) (1-5).

The AhR is an intracellular protein
whose three-dimensional structure and
endogenous ligand are unknown. The
receptor mediates the induction of
P450IA1, P450IA2, and related enzymes
such as aryl hydrocarbon hydroxylase
(AHH) and 7-ethoxyresorufin- O-deethy-
lase (EROD), as well as several toxic end-
points of polyhalogenated aromatics

(1-10). Although the cytosolic protein
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was initially identified in the liver of mice
and rats, AhR is not confined to this organ
in animals. Several extrahepatic tissues in
most mammals, including humans, con-
tain detectable amounts of the protein
(4,5,7,8). In general, any tissue of a mam-
malian species containing high concentra-
tions of the receptor has been shown to be
an important target for polyhalogenated
aromatic toxicity.

Several classical structure-activity rela-
tionship (SAR) studies on AhR binding to
polyhalogenated aromatic as well as corre-
sponding biological (e.g., enzyme induc-
tion) and toxicological processes controlled
by the receptor have been reported (1,3,
7-12). Poland et al. (1,3) demonstrated
that binding affinities of several PCDDs
and PCDFs correlated well with their
potencies as AHH inducers in animals.
Subsequent work by Safe and co-workers
(4,8,9) indicated that within each class of
aromatic xenobiotics, there is poor linear
correlation between AhR binding and cor-
responding AHH induction potencies. In
addition, Safe et al. (4,9) showed that lig-
and width, hydrogen bonding capacity,
lipophilicity, and electron-withdrawing
effects of substituents seem to be key deter-
minants of the binding process.

Cheney and Tolly (10) and McKinney
and Singh (1), on the basis of ab initio
quantum mechanical calculations on a
number of polyhalogenated aromatics, sug-
gested that binding to AhR is facilitated by
an aromatic ring system for which molecu-
lar size and planarity are not critical but
may affect the strength of binding and that
molecular polarizability and electron-
accepting properties of the ligand seem to
be important in binding. The above corre-
lations were recently confirmed by Rannug
et al. (12) using computer-automated
structure-evaluation programs. However,
it is well known that classical SARs suffer
from two serious drawbacks: 1) The treat-
ment relies mainly on empirical parameters
in its formulation, such as substituent
width, hydrogen bonding capacity, and
empirical steric parameters, and 2) the
multiple regression equations that relate

the empirical structural descriptors of
xenobiotics to biological activities have
limited applicabilities. For example, the
regression equation derived for estimating
the binding affinities of PCDD:s to AhR in
rat liver cannot be applied to PCDFs inter-
acting with the same cytosol (4,7,9). The
latter difficulty is known as the cross-class
comparison problem. Therefore, classical
approaches to AhR binding and AhR-
mediated biological and toxicological
responses will remain incomplete without
an understanding of the electronic and
thermodynamic aspects of these processes.

Using a different approach, Kafafi et al.
(13-15) developed a new methodology for
AhR binding based on electron affinities,
entropies, and lipophilicities of the ligands.
These quantities are important physico-
chemical properties that control the inter-
action between aromatic xenobiotics and
AhR, as quantified by the AhR-ligand
complex dissociation constant. Unlike tra-
ditional studies, Kafafi et al.’s methodology
eliminated the majority of empirical struc-
tural parameters and multiple regression
analysis in its formulation, reliably quanti-
fied the affinities of PCDDs and PCDFs
for AhR, explained the results of in vitro
binding studies in a physically consistent
way, and eliminated the cross-class com-
parison problem inherent to classical stud-
ies. Furthermore, Kafafi et al. (15) were
able to establish quantitative relationships
between receptor binding avidities of
PCDDs and PCDFs and corresponding
AHH and EROD enzyme induction po-
tencies.

PCBs are nonplanar, aromatic xenobi-
otics that are not structurally related to
PCDDs and PCDFs, yet some of these
compounds bind to AhR effectively and
produce biologic and toxicologic responses
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characteristic of planar PCDDs and
PCDFs. To date, classical structure—activi-
ty studies could describe the interaction of
PCBs with the cytosolic protein from only
a qualitative point of view. That is,
PCB-AhR dissociation constants could
not be predicted using the traditional
approach. Knowledge of these binding
affinities is important because it enables us
to rank the relative toxicities of congeners,
is useful for estimating the corresponding
toxic equivalency factors (8), and is crucial
for understanding the nature of the recep-
tor ligand binding site(s).

In this report we apply the model
developed by Kafafi et al. (13-15) to esti-
mate the affinities of PCBs for rat hepatic
AhR. We show that electron affinities,
lipophilicities, and entropies of PCBs are
key properties that control their interac-
tion with the cytosolic protein. In addi-
tion, we demonstrate that there is a strong
correlation between the affinities of PCBs
for AhR relative to 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD) and corre-
sponding toxic equivalency factors in ani-
mals.

The numbering of PCBs in this paper
follows the convention adopted by the
International Union of Pure and Applied
Chemistry (Fig. 1).

. @,

Figure 1. Numbering system used for polychlori-
nated biphenyls.

Computational Methods

In this section, we briefly describe the
computational methods used to estimate
lipophilicity (L) as quantified by the
octanol-water partition coefficient, elec-
tron affinities, and entropies of PCBs
(13-25).

Octanol-water partition coefficients of
PCBs can be estimated from the Hansch
and Leo group-additivity method (16).
The logarithm of octanol-water partition
coefficient (log L) of biphenyl used here is
3.90 (17). The incremental increase of log
L due to Cl substitutions in ortho, meta,
and para positions of biphenyl are 0.20,
0.60, and 0.60 log unit/Cl atom, respec-
tively. These increments gave the best log
L estimates of PCBs (17,18). It is interest-
ing to note that unlike PCDDs and PCDFs
(13-15), the lipophilicities of PCBs do not
vary in a regular way as the number of Cl
substituents attached to biphenyl increase.
We calculated the electron affinities (EA)

Volume 101, Number 5, October 1993

and entropies (8) of PCBs from the results
of ab initio symmetry constrained geome-
try optimizations using the HF/STO-3G
level of theory (19,20), as described else-
where (13-15,22-25).

Results and Discussion
Affinities of PCBs for AhR

The results of previous experimental and
theoretical studies lead to the conclusion
that the interaction between polyhalogenat-
ed aromatics and the AhR is of the stacking
type, as in charge-transfer complexes where
some electronic—charge is transferred from
the protein to the ligand (4,7-11,13-15).
The latter finding is based on the observa-
tion that binding affinities of aromatic
xenobiotics to the cytosolic protein correlate
with electron affinities of ligands. Ac-

@® PCDDs
O PCDFs
M PCBs

-In K (experimental)
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KPCB) = [L(PCB)/L(T CB)] IQTCB)
exp(AS/R) exp(AEA/RT). 2)

AEA and AS are given by Equations 3 and
4, respectively:

AEA = (EArcp - EApcy) ®)

A:g = (Spes - Srep) @
The dissociation constants of AhR-PCB

complexes computed from Equation 2 are
given in the appendix with the corre-
sponding in vitro complexes in parentheses
(8,9). As shown in the appendix, the
agreement between experimental and cal-
culated affinities for rat hepatic AhR is
fairly good. In addition, from Figure 2, it
is clear that the model overcomes cross-
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-In K (calculated)
Figure 2. Plot of -In Kg,perimental) 298NSt - I Kicaicyiateq) for PCBs, PCDDs, and PCDFs (y =1.11+0.96 x;

R=0.96).

cordingly, consider the case of two PCBs,
which we denote PCB, and PCB,, at equi-
librium with their AhR complexes,
AhR-PCB, and AhR- PCB,), respectively.
The equation describing this reaction and
the corresponding equilibrium constant, K
are given by

AhR-PCB, + PCB, = AhR-PCB, + PCB,
K=K/K, o

where K| and K, are the dissociation con-
tants of AhR-PCB, and AhR-PCB, com-
plexes, respectively. Assuming that PCB, is
3,3",4,4 -tetrachlorobiphenyl (TCB) and
PCB, is any other congener in the class, we
can show that (13,14):

class comparison problems of classical
SARs because the plot of -In K{experimental)
against -In K(calculated) for PCDDs,
PCDFs, and PCBs is a straight line whose
slope is close to unity and nearly passes by
the origin (13,14). Therefore, we con-
clude that lipophilicities, electron affinities,
and entropies of polyhalogenated aromat-
ics are key electronic and thermodynamic
descriptors of their affinities for AhR.

The model explains the origin of in
vitro binding studies on PCBs and related
xenobiotics (13-15). From Equations
24, it is clear that a PCB is expected to
have higher affinity for the cytosolic pro-
tein than TCB (congener 77) if it has a
lower L, higher EA, and smaller S. Mono-,
di-, and trichlorobiphenyls have lower L,
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EA, and S values than TCB. For these
compounds, L and AS are expected to
cooperatively lower the dissociation con-
stants, whereas AEA raises it. AEA domi-
nates the interaction with AhR, thus caus-
ing mono-, di-, and trichlorobiphenyls to
have lower affinities for AhR compared to
TCB (see appendix). In addition, as
shown in the appendix, non-ortho-chlori-
nated congeners have the highest affinities
for the cytosolic protein among these com-
pounds because of their high electron
affinities. The latter observation conforms
well with the fact that meta- and para-chlo-
rinated biphenyl-AhR complexes have
lower dissociation constants than ortho-
chlorinated ones (8,9, 12-14).

All tetrachlorobiphenyls containing
ortho -Cl atoms, congeners 4076, have
smaller L, EA, and § values than TCB
(congener 77). For these species, AEA still
controls the interaction of individual PCBs
with AhR; that is why isomers 40-76 have
lower affinities for the receptor compared
to TCB (see appendix). On the other
hand, non-orthe-polychlorinated biphenyls,
77-81, have similar L values. Accordingly,
EA and S of these compounds determine
their affinities for AhR. Furthermore, the
dissociation constant of AhR-3,4,4",5-
tetrachlorobiphenyl complex (congener
81) is equal to that of TCB. Cleatly, this
is due to their similar physicochemical
properties.

The above arguments developed for
mono through tetrachlorobiphenyls could
be applied to explain the trends in the
binding affinities of penta- through deca-
chlorobiphenyls to AhR. As shown in the
appendix, only two penta- and one hexa-
chlorobiphenyl have higher affinities for
AhR than TCB. Notice that the latter
congeners are substituted only in mezz and
para positions.

In summary, the reported methodology
on binding of PCBs to AhR is in agree-
ment with corresponding results from in
vitro measurements (8,9). The most
active PCBs are substituted in both para
and two or more of the meza positions. In
addition, ortho substituents lower the
affinities of corresponding compounds for
the cytosolic protein.

Unlike PCDDs and PCDFs, the results
of our ab initio computations on PCBs, as
well as those reported by others (11), show
that biphenyl and its 209 chlorinated con-
geners are nonplanar. The nonplanarity of
these compounds is due to nonbonding
repulsion between nearest neighboring
ortho substituents. The computed barriers
to internal rotation in biphenyl and non-
ortho-polychlorinated congeners are simi-
lar, about 1.0-2.0 kcal/mol. Therefore, at
room temperature, these compounds can

achieve planarity (/7). On the other hand,
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the rotational barrier increases to 60
kcal/mol upon introducing the first orzho -
Cl atom into biphenyl. Additional substi-
tution of corresponding hydrogens by
chlorine atoms raise the barriers to internal
rotation above 100 kcal/mol; that is, the
magnitude of the rotational barrier is com-
parable to the strength of the carbon—car-
bon single bond connecting the two aro-
matic rings. Therefore, it is unlikely that
ortho-PCBs could achieve planar confor-
mations at room temperature. Ac-
cordingly, contrary to the notions ad-
vanced by traditional structure—activity
models (8,9), mono- through tetra-orzho -
polychlorinated biphenyls are likely to
interact with AhR in their nonplanar mini-
mum energy conformations. The latter
observation is in agreement with the
hypothesis of McKinney and Singh (11),
who suggested that planarity of ligands is
not a necessary condition for binding to
the receptor. In addition, it is well estab-
lished that in molecules with internal rota-
tions about single bonds in the gas or solu-
tion phase, these motions become highly
constrained upon binding to bioreceptors
(26,27). Accordingly, the lower affinities
of ortho -PCBs for AhR compared to non-
ortho-chlorinated congeners are best ex-
plained in terms of changes in electronic
and thermodynamic properties of ligands.
Recently, McKinney et al. (28,29) used
comparative molecular field analysis
(CMFA) to develop quantitative SARs for
binding of PCBs, PCDDs, and PCDFs to
AhR. Using TCDD as a template, the
authors successfully developed an approach
that overcomes the cross-class comparison
problem of traditional studies for receptor
binding. The CMFA approach, which is a
combination of steric and molecular elec-
trostatic potentials of ligands, parallels the
reported methodology in its general pre-
dictions for AhR binding to PCBs,
PCDDs, and PCDFs. For example, lateral
chlorine substitution of aromatic moieties
gave favorable electrostatic and steric fields
for interaction with AhR. Our model pre-
dicts that lateral chlorine atoms increase
the electron affinities of corresponding lig-
ands more than longitudinal ones, and this
leads to high-affinity binding to AhR.
However, Waller and McKinney (29)
found that the electrostatic and steric field
parameters are linearly dependent, and the
exclusion of either term significantly affect-
ed the performance of their model. In
addition, they further noticed that the
inclusion of a lipophilicity term in their
approach decreased the predicitive capabil-
ity of their model (29). Because our
methodology does not use multiple regres-
sion analysis in its formulation, the linear
dependence of thermodynamic descriptors
does not represent any difficulty (13-15).

Furthermore, lipophilicity is already
included in our approach; thus, the report-
ed model could be expanded to predict
enzyme induction potencies and #n vivo
toxicities of halogenated aromatics in ani-
mals (15).

Other approaches for binding of aro-
matic xenobiotics to AhR based on electro-
static potentials of ligands have been devel-
oped (30,31). Similar to the above argu-
ments, we can show the paralellism be-
tween these models and the reported
methodology.

Is there a relationship between the
affinities of PCBs for AhR relative to
2,3,7,8-tetrachlorodibenzo-p-dioxin and
corresponding relative toxicities? We dis-
cuss this question in the next section.

Relative Toxicities of PCBs

The results of numerous experimental
studies on laboratory animals have shown
that polyhalogenated aromatics produce
similar patterns of biochemical and toxic
responses in animals (/-10,32,33). The
majority of aromatic xenobiotics seem to
show the same order of species sensitivity
and a similar pattern of biochemical and
toxic responses in mammals. These obser-
vations prompted scientists and regulatory
agencies to develop a relative toxicity scale
called the toxic equivalency factor (TEF)
(8). Because TCDD is the most toxic
member, it is assigned a TEF value equal
to 1. TEFs of halogenated aromatics are
then assigned relative to TCDD based on
data from AhR binding, long-term car-
cinogenicity studies, immunotoxicity,
acute lethality, enzyme induction bioas-
says, etc. As discussed recently by Safe (8:
62), “a complete set of data are available
only for TCDD and therefore, the assign-
ment of TEFs for halogenated aromatics
requires a subjective assessment of the
results in which the response priorities will
be a contributing factor.” The appendix
shows our estimated TEFs of PCBs based
on orders-of-magnitude affinities for AhR
relative to TCDD. The room temperature
dissociation constant of AhR-TCDD
complex is approximately 1.0 x 107 (8).
TEFs given in the appendix conform faitly
well with available values based on results
from in vitro and in vivo experiments on
laboratory animals (8,10,32,33).

As shown in the appendix, mono-
through 2’,3,4,5-tetrachlorobiphenyl, con-
geners 1-76, have estimated TEFs more
than 1 million times lower than TCDD.
In addition, given the fact that the latter
congeners are easily metabolized and
excreted by animals (32,33), it is unlikely
that PCBs 1-76 could be toxic to animals.
TEFs of tetrachlorobiphenyls 77 through
81 are predicted to be 1,000-10,000 times
less toxic than TCDD, in agreement with
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available TEFs based on in vivo and in
vitro experiments (8).

Penta- and hexachlorobiphenyls, con-
geners 82-169, are moderately chlorinated
compounds. As shown in the Appendix,
the majority of these congeners have TEFs
at least 1 million times lower than TCDD,
and thus are unlikely to be toxic (8,32,33).
On the other hand, the most potent penta-
and hexachlorobiphenyls are those with
TEFs in the range 10-10,000 times less
than TCDD (congeners 105, 114, 118,
123, 126, 127, 156, 157, 159, 167, and
169). It is interesting to note that some of
the latter congeners have chlorine atoms in
ortho positions of 3,3’,4,4’,5,5"-chlorinat-
ed biphenyls (see appendix). Furthermore,
3,3",4,4’,5,5 -hexachlorobiphenyl, con-
gener 169, is the most potent PCB in the
class and has an estimated TEF equal to
0.1. The corresponding value based on
results of in vivo and in vitro experiments
is 0.05 (8). Accordingly, PCB 169 is
expected to show the whole spectrum of
TCDD toxic endpoints in animals, possi-
bly with comparable potency.

The heavily chlorinated hepta- through
decachlorobiphenyls, congeners 170-209,
are expected to be poorly metabolized by
most animal species (32,33). The most
toxic compounds in this group are 170,
180, 189-191, 194, and 205. The corre-
sponding TEFs range from 1,000 to
100,000 times less than TCDD, in agree-
ment with corresponding values based on
experimental data (8). However, it must
be noted that octa- through decachloro-
biphenyls were never detected in environ-
mental samples due to their high lipo-
philicities (32). From the above discussion
we conclude that for any class of polyhalo-
genated and mixed polyhalogenated bi-
and terphenyls, the reported model for
AhR binding could be useful for estimat-
ing orders of magnitude TEFs. Therefore,
it could greatly minimize the necessity for
large numbers of in vivo studies on labora-
tory animals and facilitate the identifica-
tion of potentially hazardous polyhalo-
genated and mixed polyhalogenated aro-
matic xenobiotics in animals. In a future
publication, we will apply the developed
methodologies to polycyclic aromatic
hydrocarbons and other AhR mediated
processes.
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Appendix. Calculated lipophilicities (L), electron affinities (EA), and entropies (S) of PCBs relative to 3,3',4,4'-tetrachlorobiphenyl, in vitro dissociation constants
(K) of PCB-AhR complexes in rat liver cytosols, and toxic equivalency factors (TEF)

No. PCB Ulyeg AEA (ev) AS (cal/molK) KoM TEF®
Monochlorobiphenyls
1 2-B 0.0063 0.70 -21.62 7.1x102 10°
2 3-B 0.016 0.55 -19.62 8.4 x10* 107
3 4-B 0.016 0.50 -19.62 9.9x10° 108
Dichlorobiphenyls
4 22-B 0.010 0.70 -18.00 0.69 107
5 23-B 0.025 0.55 -14.62 1.6 %102 108
6 23-B 0.025 0.55 -14.62 16x 102 108
7 24-B 0.025 0.50 -14.62 1.9x10% 107
8 24'-B 0.025 0.50 -14.62 1.9x10°% 107
9 25-B 0.025 0.55 -14.62 1.6 x 102 108
10 26-8 0.010 0.70 -18.00 0.69 10
n 33-B 0.063 0.40 -14.00 9.4 x10° 108
12 34-B 0.063 0.35 -12.62 23x10° 10°
13 34-B 0.063 0.35 -12.62 23x10° 10°
14 35-B 0.063 0.40 -14.00 9.4 x 10% 108
15 44-B 0.063 0.30 -14.00 1.3x10°% 104
Trichlorobiphenyls
16 22.3B 0.040 0.55 -9.62 0.32 107
17 2248 0.040 0.50 -9.62 38x10? 108
18 225B 0.040 0.55 -9.62 0.32 101
19 226-B 0.016 0.70 -9.62 752 102
20 233-B 0.10 0.40 -1.62 37x10* 108
2 234-B 0.10 0.35 -1.62 44 x10* 108
2 234-B 0.10 0.35 -1.62 44x10* 108
23 235-B 0.10 0.40 -1.62 3.7x10* 108
24 2,36-B 0.040 0.55 -1.62 0.88 10
2% 234-B 0.10 0.35 -1.62 44 x10* 10
2% 2358 0.10 0.40 -1.62 37 x10* 108
2 23,6-B 0.040 0.55 -1.62 0.88 101
28 244-B 0.10 0.30 -1.62 53x10° 10
29 245-8 0.10 0.35 -1.62 44 x10* 108
30 24,6-B 0.040 0.50 -9.00 5.2 x 10?2 10°
3 24'5-B 0.10 0.35 -1.62 44 %10 108
32 24'6-B 0.040 0.50 -9.00 5.2 x 10?2 107
3 2,348 0.10 0.35 -1.62 53x10° 108
k7] 2,358 0.10 0.40 -162 37x10* 10
35 3348 0.25 0.20 -5.62 5.1x10% 10°
3% 33.5-B 0.25 0.25 -5.62 43x10° 10
37 344-B 0.25 0.15 -5.62 6.0 x 107 104
38 345-B 0.25 0.20 -1.00 25x10% 10
39 3458 0.25 0.20 -7.00 25 x 108 10
Tetrachlorobiphenyls
40 2,233-B 0.16 0.40 -4.00 3.7x 10?2 107
a 22.34-B 0.16 0.35 -2.62 8.8 x10° 108
42 2,2,34-B 0.16 0.35 -2.62 88x10° 108
43 2,235-B 0.16 0.40 -2.62 74 x 10?2 10°
4 2,235-B 0.16 0.40 -2.62 14 x10?2 107
45 2,236-B 0.063 0.55 -4.62 6.3 10"
2,236-B 0.063 0.55 -4.62 6.3 10"
n 2244-B 0.16 0.30 -4.00 52 x10*(1.3 x 10°4° 107
48 22458 0.16 0.35 -262 88x10° 108
49 2245-B 0.16 0.35 -2.62 8.8x10° 108
50 2,246-B 0.063 0.50 -4.62 0.74 1010
51 2246-B 0.063 0.50 -4.62 0.74 1010
52 2255-B 0.16 0.40 -4.00 3.7 x10? 108
53 22568 0.063 0.55 -4.62 6.3 107"
54 22.66-B 0.025 0.70 -9.37 1334 108
55 2334-B 0.40 0.20 -0.62 1.0x10* 10
56 2334-B 0.40 0.20 -0.62 1.0x 10* 108
57 23358 0.40 0.25 -0.62 8.6 x 10 107
58 2335-B 0.40 0.25 -0.62 8.6x10* 107
59 233,68 0.16 0.40 -2.62 74 %107 10°
2344-B 0.40 0.15 -262 4.4 x10°(28 x 10°%) 10°
61 2345B 0.40 0.20 -0.62 1.0 x 10* 10°
62 2346-8 0.16 0.35 -2.62 8.8x10° 10°®
63 234'5-B 0.40 0.20 -0.62 1.0x10* 108
64 23468 0.16 0.35 -2.62 8.8 x10° 10°¢
65 2356-B 0.16 0.40 -4.00 3.7x10? 108
66 2344-B 0.40 0.15 -262 4.4 x10°(28 x 10%) 10°
67 23458 0.40 0.20 -0.62 1.0x10* 108
68 2345-B 0.40 0.20 -0.62 1.0x10* 10
69 23468 0.16 0.35 -2.62 8.8x10° 10°8
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No. PCB Ulyeg AEA (ev) AS (cal/mokK) Kicaie{M)® TEF?

70 23458 0.40 0.20 -0.62 1.0x10* 10

n 23.4'6-B 0.16 0.35 -2.62 8.8 x 10° 10®

72 2355-B 0.40 0.25 -0.62 86x10* 107

I5] 2,35,6-B 0.16 0.40 -2.62 74 x 1072 10°

74 24458 0.40 0.15 -2.62 4.4 x10%(2.8 x 10) 10°

5 244'6-B 0.16 0.30 -4.00 52x10°* 107

76 2.345B 0.40 0.20 -0.62 1.0x10* 108

n 3344-B 1.00 0.00 0.00 7.1 x10%(7.1 x 10%) 10°%{0.01)
8 33,458 1.00 0.05 1.38 1.1x10% 104

79 3345-B 1.00 0.05 1.38 1.1x10% 104

80 3355-B 1.00 0.10 -1.38 24x10° 104

81 34458 1.00 0.00 0.00 7.1 x10%(7.1 x 10%) 10°3
Pentachlorobiphenyls

82 223348 0.63 0.20 438 2.0x10° 107

83 223358 0.63 0.25 438 1.7x 10?2 10

8 2,2336-B 0.25 0.40 2.38 14 101

85 22344-B 0.63 0.15 438 24x10* 108

86 2,2 3458 0.63 0.20 4.38 2.0x10° 107

87 2,2345-B 0.63 0.20 4.38 2.0x10° 107

88 2,2 346B 0.25 0.35 2.38 0.17 10

89 22346-B 0.25 0.35 2.38 0.17 101

90 22345B 0.63 0.20 438 2.0x10° 107

91 2,2346-B 0.25 0.35 2.38 0.17 101

92 2,2355-B 0.63 0.25 438 1.7 x 102 108

93 22.356-B 0.25 0.40 2.38 14 101

9% 223568 0.25 0.40 2.38 14 101

95 223568 0.25 0.40 2.38 14 107

% 2,2,366-B 0.10 0.55 0.38 1225 108

97 2,2345B 0.63 0.20 4.38 20x 103 107

98 22346B 0.25 0.35 2.38 0.17 101

9 2244 5B 0.63 0.15 4.38 24x10* 108

100 2,244 6B 0.25 0.30 2.38 2.0 x 107 108

101 22455-B 0.63 0.20 438 20x10°3 107

102 22456-B 0.25 0.35 2.38 0.17 1010

103 2,2'456-B 0.25 0.35 238 0.17 1010

104 2,2466-B 0.10 0.50 -1.00 13 10"

105 233.44-B 1.59 0.00 6.38 2.7x10%(6.9 x 107) 10* (0.001)
106 233458 1.59 0.05 6.38 23x10° 10%

107 23345B 1.59 0.05 6.38 23x10° 10°

108 23345-B 1.59 0.05 6.38 23x10° 10%

109 233,468 0.63 0.20 438 2.0x10° 107

10 23346B 0.63 0.20 4.38 20x 103 107

m 23355-B 1.59 0.10 6.38 20x10* 108

12 233,56-B 0.63 0.25 438 1.7 x 102 10°%

13 2335,6-B 0.63 0.25 4.38 1.7x 102 10®

114 2344 5-B 1.59 0.00 6.38 2.7x10%(6.9 x 107) 10" (0.001)
115 2344 6-B 0.63 0.15 438 24x10°* 108

116 234,568 0.63 0.20 3.00 1.0x10* 10°

17 23456-B 0.63 0.20 3.00 1.0x10* 10%

118 2344 5B 1.59 0.00 6.38 2.7 x10%(6.9 x 107) 10 {0.001)
19 2344 6B 0.63 0.15 438 24 x10°* 108

120 23455-B 1.59 0.05 6.38 23x10° 10°

121 2345,6-B 0.63 0.20 3.00 1.0x10* 108

122 233458 1.59 0.05 6.38 23x10° 10°

13 2,344 5B 1.59 0.00 6.38 2.7x10%(6.9 x 107) 10 (0.001)
124 23455-B 1.59 0.05 6.38 23x10° 10°

125 23456-B 0.63 0.20 3.00 14x10% 10°

126 334458 398 -0.15 8.38 3.3x10%(1.3x 109 102(0.1)
127 33455-8 398 -0.10 7.00 1.0x 107 10°
Hexachlorobiphenyls

128 223344-B 251 0.00 10.00 2.7 x10°(8.9 x 10) 1075 (0.00002)
129 2233458 251 0.05 11.38 46x10* 107

130 223345-B 251 0.05 11.38 46x10* 107

131 223346-B 1.00 0.20 9.38 39x10? 108

132 223346-B 1.00 0.20 9.38 39x10? 108

133 223355-B 251 0.10 10.00 1.9x10% 107

134 2233568 1.00 0.25 9.38 0.33 101

135 223356-B 1.00 0.25 9.38 0.33 107

136 223366-B 0.40 0.40 7.38 283 1012

137 22344 5B 251 0.00 11.38 5.5 x 109 (8.9 x 10) 10 (0.00002)
138 22344 5-B 251 0.00 11.38 5.5 x10° (8.9 x 10) 10 (0.00002)
139 2,2,3446-B 1.00 0.15 9.38 47x10° 10°8

140 2234468 1.00 0.15 9.38 4.7 x10° 108

141 2,23455-B 251 0.05 1138 46x10* 107

142 2,2,3456-B 1.00 0.20 9.38 39 x 10?2 1078

143 2,23456-B 1.00 0.20 9.38 39x10? 10°®
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No. PCB Ulyeg AEA(ev)  AS(cal/mokK) KicaigM)* TEF

144 2234568 1.00 0.20 9.38 3.9x 102 108

145 223466-B 0.40 0.35 7.38 34 107

146 2,23455-B 251 0.05 11.38 46x10* 107

147 2734568 1.00 0.20 9.38 39x10? 10¢

148 2234568 1.00 0.20 9.38 39x10?2 10

149 2234568 1.00 0.20 9.38 39x10?2 10°®

150 223466-B 0.40 0.35 1.38 34 100

151 2235568 1.00 0.25 9.38 0.33 100

152 2235668 0.40 0.40 6.00 14.1 10"

153 224455-B 251 0.00 10.00 2.7 x10°(8.9 x 10%) 103(0.00002)

154 224456-B 1.00 0.15 9.38 4.7x10° 10°®

155 224466-B 0.40 0.30 6.00 0.20 100

156 2334458 6.31 0.15 13.38 6.1x107(8.1 x 107) 10 (0.001)

157 233445-B 6.31 0.15 13.38 6.1 x 107 (8.1 x 107) 10* (0.001)

158 23344 6B 251 0.00 11.38 5.5 x10°(8.9 x 109) 108

159 233455-B 6.31 0.10 13.38 53x10°% 10°

160 233.456-B 251 0.05 11.38 46x10* 107

161 2334568 251 0.05 11.38 46x10* 107

162 233455-B 6.31 -0.10 13.38 5.3x 10 10°

163 233 .4'56-B 251 0.05 11.38 46x10* 107

164 2334568 251 0.05 11.38 46x10* 107

165 23355.6-B 251 0.10 10.00 1.9x10°3 107

166 2344 56-B 251 0.00 10.00 2.7x10%(8.9x 10%) 105 (0.00002)

167 2344 55-B 6.31 -0.15 13.38 6.1 % 107 (8.1 x 107) 10 (0.001)

168 2344568 251 0.00 10.00 2.7x10°(8.9x 10%) 1075 (0.00002)

169 334455-B 15.85 0.30 14.00 3.7 x 10°® (Insoluble) 10°'(0.05)

Heptachlorobiphenyls

170 22334458 10.00 -0.15 18.38 1.3x10°% 10°%0.00002)

m 227334468 398 0.00 16.38 1.1x10% 107

172 22334558 10.00 -0.10 18.38 1.1x10* 10(0.00002)

173 2,2733456-B 3.98 0.05 16.38 9.0 x10° 10°¢

174 2233.456-B 398 0.05 16.38 9.0x10° 10®

175 22334568 3.98 0.05 16.38 9.0 x10° 10°%

176 2,233466-B 1.58 0.20 14.38 0.77 101

m 22334568 398 0.05 16.38 9.0 x10° 10

178 2,2,33556-B 3.98 0.10 16.38 15 x10? 10°

179 2,233566-B 1.58 0.25 14.38 64 10"

180 22344558 10.00 -0.15 18.38 1.3x10° 10 (0.00002)

181 22344568 3.98 0.00 16.38 1.1x10° 107

182 2234456-B 398 0.00 16.38 1.1x10° 107

183 22344568 3.98 0.00 16.38 1.1x10% 107

184 227344 66-B 1.58 0.15 14.38 9.2 x 107 10°¢

185 22,3455 6-B 398 0.05 16.38 9.0 x 103 108

186 2,234566-B 1.58 0.20 13.00 0.38 100

187 22345568 398 0.05 16.38 9.0x10° 10°®

188 22.34566-B 1.58 0.20 13.00 0.38 10

189 23344558 25.12 0.30 18.38 52x10° 102 (0.001)

190 23344568 10.00 0.15 16.38 45x10% 10" (0.00002)

191 233445 6-B 10.00 -0.15 16.38 45x10% 10 (0.00002)

192 233.4556-B 10.00 -0.10 17.00 53 x10° 10°

193 23345568 10.00 -0.10 17.00 5.3 x10° 108

Octachlorobiphenyls

194 2,233 4455-B 39.81 -0.30 25.38 2.7x10% 10" (0.00002)

195 223344568 15.85 0.15 23.38 25x10* 10

1% 223344568 15.85 -0.15 23.38 25x10* 10°

197 22334466-B 6.31 0.00 20.00 1.1x 102 10°%

198 22334556-B 15.85 0.10 23.38 2.1x10° 107

199 22334566-B 6.31 0.05 21.38 0.18 100

200 22334566-8 6.31 0.05 21.38 0.18 100

0 223345568 15.85 -0.10 21.38 76x10* 107

202 22335566-B 6.31 0.10 20.00 0.74 10"

203 22344556B 15.85 0.15 2338 25x10* 10

204 2,2344566-B 6.31 0.00 21.38 2.1x 10?2 10°%

205 2334455 6B 39.81 0.30 25.38 2.7 x10% 10*(0.00002)

Nonachlorobiphenyls

206 2233445568 63.10 -0.30 30.38 55x10° 10°

207 2,23445566-B 25.12 -0.15 28.38 48x10° 108

208 2233455 66-B 25.12 -0.10 28.38 4.0 x10? 10°®

Decachlorobiphenyl

209 2,233445566-B 100.00 -0.30 34.00 54 x10* 107
2,3,1,8-Tetrachlorodibenzo-p-dioxin 1.0 x 1010 1

*Experimental values from Safe et al (9). Similar substitution patterns are averaged.
bExperimental values from Safe (8).
“Experimental values given in parentheses.
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